Elasticity of single-crystal San Carlos olivine has been derived from sound velocity 24 and density measurements at simultaneous high pressure-temperature conditions up to 25 20 GPa and 900 K using in situ Brillouin spectroscopy and single-crystal X-ray 26 [ ] with depth. As a result, the presence of a metastable olivine wedge at the transition 45 zone depth would exhibit a seismic signature of low velocity and strong seismic 46 anisotropy which are consistent with recent seismic observations for various locations 47 of the slabs and can be used as mineral physics constrains for future seismic 48 detections of the metastable olivine wedges in the deep mantle. 49 Keywords: Elasticity of single crystal, San Carlos olivine, High pressure and 50 temperature, Metastable olivine wedge, Mantle, Seismic anisotropy 51 52 65 66 Mao et al., Elasticity of Single-Crystal Olivine [ ] Experimental studies on the elasticity of olivine can be dated back to 1930s when 67 Adams (1931) studied the compressibility of fayalite, an Fe-endmember olivine 68 (Fe 2 SiO 4 ), at ambient temperature. With the development of high pressure techniques, 69 the elasticity of olivine was extensively studied at high pressures and 300 K or high 70 temperatures and 1 bar in the past few decades (Abramson et al.reported the 72 aggregate bulk and shear moduli of San Carlos olivine at simultaneous high P-T 73 conditions up to 8 GPa and 1073 K using ultrasonic interferometry technique, in-situ 74 high P-T measurements on the elasticity of single-crystal olivine remain unavailable. 75 Much of our understanding of upper-mantle seismic structures and mineralogy still 76 heavily relies on the extrapolated elasticity of the candidate upper-mantle minerals, 77 including olivine, enstatite, and garnet (e.g.
diffraction in externally-heated diamond anvil cells. These experimental results are 27 used to evaluate the combined effect of pressure and temperature on full elastic 28 constants of single-crystal olivine to better understand its velocity profiles and 29 anisotropies in the deep mantle. Analysis of the results shows that the shear moduli 30 display strong concave behaviors as a function of pressure at a given high temperature, 31 while the longitudinal modulus, C 11 , and the off-diagonal moduli, C 12 and C 13 , exhibit 32 greater temperature dependence at higher pressures than at relatively lower pressures. 33 Using a finite-strain theory and thermal equation of state modeling for a pyrolitic 34 mantle composition along an expected mantle geotherm, our results show that the 35 magnitude of the V P and V S jumps at 410-km depth are 6% and 6.4%, respectively, 36 which are greater than that in seismic observations, suggesting a mantle olivine 37 content of 40-50 vol%, which is less than what is expected for the pyrolite model. Our 38 modeled velocity profiles for a metastable olivine wedge in the subduction slabs along 39 a representative cold slab geotherm are 6% and 10% lower than those of wadsleyite 40 and ringwoodite, respectively, at corresponding depths of the normal mantle. Our 41 modeled results also show that metastable olivine in the cold slabs could have strong 42 V P and V S anisotropies. The maximum V P anisotropy is estimated to be 19-22% at 43 transition zone depth, whereas the maximum V S splitting is 13-23% and increases 
where v is the measured acoustic velocity, 
(2) 200 where v is the measured velocity, is the density determined by single-crystal XRD, 201 and ik is the Kronecker delta function. The single-crystal elastic constants, C ijkl , are 202 written in full suffix notation in the equation, although we have used reduced notation, 203 C ij, for our reported values (Table S1 ). n i represents the direction cosine of the phonon 204 propagation direction, which can be described by three Eulerian angles ( , , ) and 205 determined using single-crystal XRD measurements. Table   219 S2). However, the off-diagonal moduli, C 12 and C 13 , show temperature-induced 220 [ ] reduction more significantly at higher pressures (Fig. 3 ). The longitudinal moduli, C 11 , 221 also displays similar temperature-dependent trend at higher pressure.
223
The P-T derivatives of the elastic moduli were obtained by fitting the 224 experimentally-derived elastic constants using the third-order or fourth-order 225 finite-strain equations as follows ( Fig. 3 and Table S2 ) (Birch, 1978) :
where C ij0 (300 K) is the derived zero-pressure constant from ambient measurements 232 and is thus fixed for the modeling, C ij0 (T) is the elastic constant at high temperature 233 and 1 bar, f is the finite strain, V is the volume at high P-T determined by 234 single-crystal XRD, V 0 is the volume at 1 bar and high temperature, C ij '=( C ij / P) T is 235 the pressure derivative of the elastic constants, C ij "= ( 2 C ij / 2 P) T is the second 236 pressure derivative of the elastic constants, K T0 (T) is the isothermal bulk modulus at 1 237 bar and high temperature, K' T0 =( K T0 / P) T is the pressure derivative of the bulk 238 modulus. The parameter a 3 is 3 for the longitudinal moduli, C 11 , C 22 , and C 33 , and is 1 239 for the rest of the elastic moduli. K T0 (T) and K' T0 are calculated from the adiabatic 240 bulk modulus K S0 and K S0 ' as follows:
Here we have used a literature value of 1.11 for the Gruneisen parameter, ( With the determined K S0 ' value and high P-T K S results, the temperature derivative of 251 the bulk modulus, ( K S / T) P , is determined to be -0.020(2) GPa/K. The derived 252 thermal expansion coefficient at ambient conditions is 3.47×10 -5 K -1 . 253 
254
As noted above, there is an enhanced effect of temperature on C 12 and C 13 towards 255 higher pressures ( Fig. 3 ). An extra term in the second pressure derivative of the C 12 256 and C 13 is needed in our modeling in order to fully describe the enhanced temperature 257 dependence at higher pressures: C 12 "=-0.015-0.00021×T (GPa/K), and 258 C 13 "=-0.015-0.00021×T (GPa/K). For C 11 , the pressure derivative is derived from the 259 high P-T data. The P-T derivatives of the shear modulus, G, are evaluated using the 260 following equations:
We thus obtain: G 0 '=1.80(3), G 0 "=-0.10(3) GPa -1 and ( G/ T) P =-0.010(2) GPa/K. Table S2 ) (Isaak, 1992) . Extrapolating our 307 elastic constants at high P-T back to 1 bar and high temperature demonstrates 308 [ ] agreement with Isaak (1992) , with the exception of the effect of temperature on C 44 309 and C 23 . We note that the temperature derivatives at 1 bar and high temperatures for 310 some of the elastic moduli (including C 22 , C 33 , C 44 , C 55 , and C 66 ) are indistinguishable 311 from the values obtained from the high P-T measurements within experimental 312 uncertainties (Table S2 ) (Isaak, 1992 319 We have also plotted K S and G as a function of temperature at various pressures to 320 show the effect of temperature on the elasticity of olivine at a given pressure ( Fig. 5 ). 321 At the investigated P-T range, K S and G exhibit a nearly linear decrease with 322 increasing temperature at a given pressure. temperatures (Liu, 1983; Sung and Burns, 1976 ). Here we assume that the core of the 441 slabs is at 900 K at the transition zone for the computation of the sound velocities of 442 olivine (Fig. 7) . Above the 410-km depth, metastable olivine at 900 K has a V P and V S 443 ~4% greater than that of an expected normal mantle geotherm. Once the slab crosses 444 the 410-km discontinuity, the V P and V S of olivine in the slabs will be ~6% lower than 445 that of wadsleyite in the normal mantle between 410 and 520-km depth and ~8-11% 446 lower than that of ringwoodite between 520 and 660-km depth. Assuming that the 447 olivine content is 60 vol% in the mantle lithosphere as well as in the normal mantle, 448 the velocity in the core of slabs will be ~3.6% lower than that in the normal mantle at 449 410 to 520-km depth and ~4.8-6.6% lower than that at 520 to 660-km depth. In this A S PO [(V S1 -V S2 )/V S,aggr ], of olivine at various slab temperatures (Fig. 8 ). In general, 463 olivine has a much greater A P and A S PO than that of wadsleyite and ringwoodite along 464 an expected mantle geotherm (Fig. 8) . Decreasing temperature only slightly lowers 465 the A P of olivine. Even if the temperature in the core of slabs is as low as 873 K, the 466 A P of the metastable olivine in the transition zone is still twice as much as A P of 467 wadsleyite in the normal mantle and is seven times greater than the A P of ringwoodite. 468 Meanwhile, we have also noted that A P calculated using our elasticity of olivine 469 considering the combined P-T effect is greater than those results obtained using (1/GPa) 
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